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HERA (1992-2007)
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» HERA experiments were built for high Q2 physics,
but adapted very well to lower Q2 low x

* With HERA Il a stronger electroweak program
could be started and searches boosted

e At the end of HERA Il we went back to low-x

physics with F|
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Increasing the luminosity (i.e. HERA Il)

* Access to higher Q2
* Access to valence quark distribution at higher x in NC, xF;
 Electron vs positron running (endless discussions)
* More precise measurements of charged current
* Polarized beams
* Combination H1-ZEUS data (it started for xF3)
e LHC was getting closer -> PDFs for LHC, more exchange, HERAPDFs

* More exotic searches
* |solated leptons plus missing energy and large hadronic pTl Triggered by observation in

H1, no specific- related search
* Multilepton events
* Leptoquarks
* FCNC
* Contact interactions
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NC/CC at high Q2



Few words about ZEUS and H1 combinations

H1 and ZEUS

e HERA NC ¢'p 0.5fh™"
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is the main dataset for
PDFs fitters
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* XFitter, open-source
tool originally started
to fit PDFs at HERA

* Now used also for LHC
experiments (EIC?)
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Unless specified the
plots | am going to show
are based on the latest
combined data

And compared to
HERAPDF2.0: based on
data taken 1994-2007,
2927 points combined to
1307, 21 HERA | data
samples, 20 HERA |l data
samples NC+CC

NC: 0.045< Q%< 50000
GeV/?
6X107<x<0.65

* CC: 200< Q?< 50000

GeV/?
1.3X102<x<0.40
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Polarization at HERA ||

* Electrons/positrons get

naturally transverse polarized 5
(Solokov-Ternov effect) dD

e Spin rotators to change in kT a4
long. polarization in the b > h
straight section before the
experiments

 Polarization time ~ % h L= x’;;x’;

e Polarization defined as:

Polarization 30-40%
Spin flip every 2-3 months
Measured by three devices

o«
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* Transverse Polarimeter
4+ Longitudinal Polarimeter
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Tpol,Lpol and cavity

Original aim was a precision of
1%, i.e. not contributing
significantly to syst. errors
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Polarization at HERA ||

* Compton scattering

o HERA Average Polarisation cross section
e T L N R E s o e o o L e e s Laboratory frame
B of 1 Apr20041 May 2004 . depe'nds'on y
R SRR Sl polarization
8 2T T4 T ¥ L e Circularl larized
% o 1 i _ Circularly polarize 5
& ol TPOL LPOLET® 3 ] laser beam off the N, o
B L :ﬁi L) "0..: 1 z Ee- \ —E'\-
40| Dec 2003+ - “’;"‘%T! ' :-,u,.’_{ electron/p05|tron E? W\
R T R TR TR TR TR T beam N
T
o DU Days Days e Asymmetry
L R R B B L RS I N LS LR L B LS LR RS
B Wl Apr2005 £, sy o measured from
A R | o oR scattered gamma in
LN g special calorimeters
o
20 | T .7 LT .t
fer W F Lo _ Y0 (E) + 5,51 (E)cos26 + S3Py Sy (E)si S3 P59z (E
w0} Dec 2004 1 Aug 20053 2545 = 20(E) + S1X1(E)cos 20 + S3Py Yoy (E)sing + S3PzY2z(E)
€0 IS NI S B RIS A A § A WA WA 111 [T

e TPOL: measured transverse polarization in straight West

P=(Ng-Np)/ (Ng+Np) section, Sci-Tungsten e.m. calorimeter, +/- 1.9 % precision

e LPOL: measured longitudinal polarization in-between the
HERMES spin rotators, compact Cherenkov crystal
calorimeter, +/- 3.6% precision

* Note luminosity uncertainty: 1.8% ZEUS, 2.0% H1
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Charged Current events at HERA

N nyny * Kinematics of

e=(k) (Ve(k) reconstructed
from hadronic
system

* Hadronic
calorimeter
resolution
crucial

Both electron and

dfs:vpo/CC G I\/’2 ‘ —
szpdx ) 2; (Mﬁ, +WQ2) [u"(QZ’X) ¥ ’X)] positron running crucial

e e*psuppressed by (1-y)

docP.c G M2 \/ — * Give information on u,d
dQ%x = 2; (MSV J\rNQz(LY) d@Q ’X)] valence density

separately
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CC cross section

HERA Charged Current I
+§ 1s 5 Q'=300GeV' [ Q'=500GeV' [ Q'=1000GeV' [ Q'=1500GeV*
% Hiep A Hia*p94.00 — SMop{CTEQED) © - - -
0 ZEUS op 9899 O ZEUS &*'p 99-00 --- SMe’p{CTEQ6D) o o
° C 02=230|Gev2 | 02=530I(39V2 | 02=950IGeV2 . .r\; \.\\ o
2 - . [ Q'=5000GeV' [ Q'=8000GeV* g-
q jrdominated : x =1
s S - = (0
1 F°3 - - o
0 - 1 g d-dominated - - =
v L Q"= 1700 GeV? i o Ty,
) 1 A o | 3 e HERA CC ¢'p 0.5 b
= N T oot | - Vs =318 GeV
v o5F --8-p 3% o b \1 == HERAPDF2.0 NNLO
E s " ° E.|..| Ll 1 E....1 Ll ..L\..
W i 10* 10 10?10’ %5,
L = QF - 9500 GeV? @ = 17000 GeV* @ = 30000 GeV?
0.75 . . .
os b * Data important input to PDFs, i.e. u-
0.25 | .- ﬂ, . valence and d-valence separation
: N B :
il oslmh il sl ssihdul ool —ohd e Complemented by W-charge
10 10 10 10 10 10
x asymmetry at the LHC these days,

which is however at lower x
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CC polarized cross section

H1 Collaboration

| T 1 T T T T 1 T T T T ] T T T 1 : dQO_CC(P ) (1 :I:P )d20_CC
- e p—vX . 2 2
O H1 HERA ] dde dde
® HI HERAII ]
e'p VX |« Textbook plot: the charged current
O H1 HERAT 7] : f i ht_
o L1 HERA L : cross section goes to zero for rig

handed electrons, as predicted by
the SM

== H1PDF 2012

# [inear Fit

JHEP 09 (2012) 061
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y<09 g
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Neutral Current at high Q2

et (k) )

* Need electron identification at
high angle, in the forward
region, so optimized algorithm

At high Q%the cross section
(here expressed as reduced
cross section) cannot neglect
the xF; term e

d’c™ Q% -, Y

2
gyl Y e
2 Y+ 3 Y_|_ L

~ dzdQ? 2ra?Y,
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NC+CC cross sections

» Textbook plot: at high Q2~ M2, M/
become of the same strength

H1 and ZEUS | o
€ FrTTTT T T T * Here shown with the QCD prediction
3 10 O HERANC<p04Sy* with the HERAPDF2.0 fit
= = O HERANCe'p0smh' .

S s HERAPDF2.0NC 'p * In NC gamma-Z interference and Z-
%’ 101k = HERAFDFZONC €'p exchange visible at very high Q?
2 E*_-_t::

107 v<09
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NC cross section

H1 and ZEUS » Effect of Z-gamma interference clearly

a P04 . .

T & HERANC 08 1 visible at high Q2

z.\ : - Xp; = 0.00005, i=21 \IS =318 GeV . + _

O w6l L1 wmTtdmin ") Fixed Target * I\/Ieasurlng et and e one can extract XF3,
ey = 000020, =18 == HERAPDF2.0 ¢ p NNLO

Wi I s e HERAPDEZO € NNLO directly sensitive to the valence quark
oo I distribution

eI ;
v eFy? = z/3(2u, + d, + A)
102; ';Z-.,m-"""‘"*""'* T_:"':O.T(;.Zsuﬂ

- el * Integral= 1.790£0.078 (stat)*%078

r a—t—T Xy = 008,05
10 eon . —— xp; = 013, i=4 ~ .
A e e 5/3 as predicted
1 ek .' ———— xpy = 0.25,i=2
- = RN o H1 and ZEUS
0 -—F.\'\i[' n 1 LN L
o I BT @ 1000Ge? o HERAIM ]
L Xg; = 0.65,i=0 L i
all: ' = HERAPDF2.0NLO
lo-sjl 1 Il |||||I| 1 1 ||||||| 1 1 ||||||| 1 | 1 ||||||| 1 1 11111 | |

1 10 10 10 I;O | 10
QY GeV* 0.5~ + { ¢ 7
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QCD fits — HERAPDF2.0

xg(x) = ApPo(l-xf —A;xj"(l - 2%,
wu(x) = AgPe(1-x) (1+ E,0),
() = Age(l- 2%, PDFs extracted from these data
x0() = Apx®o(1-x% (1 + Dyx),
D) = ApPs(1-x). H1 and ZEUS H1 and ZEUS
T T e oxto ¥ osp 8 e ONLO \
0| —— MMHT2014NLO L S MMHT2014 NLO
- — CTI0NLO 04 -+ CT10 NLO (68% CL)
[ — NNPDF3.0 NLO L

== NNPDF3.0 NLO

03f

xu, / xu, (HERAPDF2.0)
=
xd, / xd, (HERAPDF2.0)

* 14 parameters 2 3
fit _ ) .

* Starting scale T e R T L e B
Q?=1.9 GeV? 0 2 s

e HQs from RT § ,

xg / xg(HERAPDF2.0)
xS / xS(HERAPDF2.0)

VENS i
e 5orders of .
. . RS
magnitude in . AN

X/Qz flt 10:". 103 102 101 x! 10+ 10 10 o !
* Chi2/NDF=1357
/1131
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Polarized neutral current cross sections

* Effect of polarization visible at very high Q?
* Direct observation of parity-violation in NC

2 o*(PF) — o*(Py)

A* = :
P — Py o*(P;) +0*(Py)
1 H1 Collaboration F. iL’R = Z[WI(‘L’ , Q%) + 2q(,Q%)] - Af’Ra
T T T T T ' g
Ai : 7] i
S oFPF = Yleq(e,Q") - oq(s,Q)] - B

05—  —HIPDF2012 ¢ !

i B APR = Q24 2Q.Q (v £ a'eZ + (ve £ a0)(v? + a?) (xz)*,
- ' BER = +20Q.Q,(v ia + 2(v, £ a.)’vya, (x2)°

0 & q e g\ le Z e e glg Z) s
: Q ¢ ¢'.¢ é 'é'-n(} _____ .(} ..... i-“-%r“.

05 o A @p _‘ » Exploiting the polarization the u,d electroweak
B 1= . . . .
- HIPDF 2012 12 couplings to the Z can be determined, in quite

C | | 1= a competitive way
10° 10&2 GeV? * Polarized F, constrains the vector couplings
A7 0 otz tien ° * Unpolarized xF, constrains the axial

couplings
» Special QCD fits with EW parameters free
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Combined QCD+EW fit ZEUS-EW-Z

up-type couplings

vy = 1/2 —4/3sin* O, a, = 1/2

0.5
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T I T T T T I T T T T I T T T T I T T T T
——+— ZEUS-EW-Z NLO (HERA I+II)
— — — LEP+SLC
---------- CDF

.......... H1 (HERA 1)
* Standard Model

-1 -0.5 0 0.5 1
au

13+4 PDF fit ZEUS-EW-Z
to constrain the Zto u,d
couplings

s 2
Vg = —1/2 + 2/38111 Ow, ag = —1/2
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>ﬂ B T T I T T T T I T T T T I T T T T I T T T T T T ]
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L ERAN 4
w [ N ,
o wn - i B
> &0 - : -
TE o | :
3 5 i ]
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Very competitive
measurement - at least
compared to Tevatron - and
can constrain the sign

16

Phys. Rev. D 93 (2016) 092202




Combined QCD+EW ZEUS-EW-S

* Dependence on sin? Ow : ZEUS
* inthe Z propagator Fome T T s
. . ‘7 - 4 all data —
* |In the G¢ coupling in CC *HE ’ ¢ s [
* through the vector coupling of Z B 18
0.236_— ] (@)
to the quarks g . e 108
. 0.234_— : ggsev — o
e 13+1 parameter fit i Lo 102
0.232— Y — :
- v CDF i >
0.23 > Lo 1 K= =
- 1 Q2 1 o — Ty 1 E O PDGH4 E gm
TG M @ T-AR T VRl My TS AR S e
* Precision not very high Woboson e ™ :
- ALEPH =
but other text-book ATLAS 2
plot 5o =
DELPHI 3)
. L . L3 —— 2
e Similar H1 fit with extraction OPAL £
of W mass in the t-channel H1 ——— 2
(unigue measurement) PDGzo7 e -~ H1

80.2 80.3 80.4 80.5 80.6

m,, [GeV]
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Very very high-x

* Let’s suppose to have a very high Q? electron Q’=4150 : i
(reconstructed in the detector) and very high x, so [
. . . . > - :
that the jet disappears in the fwd region § -&E#JL
* Reconstruct Q% from the electron and integrate E v o5 1
<
<
< .
S

cross section in x- from edge up to x=1 QinGev? X

® ZEUSep,185pb?

A ZEUS ep,185 pb™ (Integrated)

Phys. Rev. D 89 (2014) 072207

] Z////f HERAPDF 15
. ==''= ABMIVHERAPDF 1.5
A Caldvyell_ o .
https://indico.desy.de/indico/event/10523 e eny e
~;105 = © ===== MSTW 2008/ HERAPDF 15
] - y=1
:2' - /OT, """"" NNPDF 2.3/HERAPDF 1.5
e L =
41 E.=150GsV
10°: WA ——— S
N P Elee] Uncertainties in PDFs at
. i | = high-x still very high,
10 a, = ML f= these data at x>0.6
E. =25 &y 2 APPSR S
" K e MMJ%EM&!#JMJZﬂ
0 010.20.30405060.70809 1 Elisabetta Gallo (DESY) N
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https://indico.desy.de/indico/event/10523

Lessons learned

* Precision of scattered electron, hadronic jets is crucial in the whole
kinematic range

e Combination H1-ZEUS was fundamental for precision PDFs and
electroweak measurements in particular (first one in 2006 for xF;5 !)

* We did not invest enough probably in the polarization measurement — at
least at the beginning - its uncertainty as important as the luminosity
uncertainty

 Very high x still very unknown region (crucial for searches at the LHC)
* Interaction with theory worked well at HERA, also crucial
* New ideas many years after HERA end (EW fits from 2016)

 Strong attention to PDFs from LHC community
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Exotics
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Leptoquarks

e Classical search at HERA, a

resonance in x expected . ey @ g e q
* Early possible signal ~ 200- ey y L0 < o La
220 GeV observed with 1996
data by both H1 and ZEUS \ ! Ve a
(at high v), not confirmed Y
later with more statistics
* BRW model used to classify § el IR s
leptoquarks (still used now) S0 G ] N
* Competitive limits set at that , 1 O - sep)]
. . ] OH1 ep ]
time, now LHC taking over Leptoquarks L L o puron |
* Very modern subject these LR e 5
days for LQs coupling to 3rd “’H B T
generation, due to the B PO 0 e 07 s °-°x,,j

anomalies
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Quark radius and contact interactions

 HERA is the natural place to look ZEUS
for quark substructure. SRR
* |t would manifest a deviation from

a) Losf = HERANC e'p 05fb" |
] 1 -1 e HERANC ep 0.4fb" ]
| M | ZRqPDF total unc.
the predlcted QZ depEﬂdenCG at - 095k i ! o i

c:losM

. . e 10° 10 0
high Q% with an additional quark 2
1 = - .- )
form factor - ] B
1 . L N s 3 s o1 s A R M N
10° 10 (GeV?) ~
do doSM R \? R \? = ————— B N
_ = _ Q2 1— 24 Q2 o” [b)1os Quark Radius . o)
dQ? d@Q? 6 6 B [ | i 95% CL Limits s =
S —RZ= (0.4310"°cm) . g
-~ RZ=+0.4710"°cm)? é
- 095 . - >
10° 10° =
e QCD fits repeated introducing N P
additional quark radius R, g N o
03 4
parameter ! " Q" (Gev)

R < (0.43-10""°cm)?

Elisabetta Gallo (DESY) 22



80

pTTSes) = ¢
Ny el
S WE s 92 e T e R
: s : i h
\Q# = SXXRE & = - X
<3 E ) P
© HN-IN = 3
S R e 3 2 =
2% 2 - LN
B :
% CN,.._Nm ,,,,,, - T IR - m
[2a) - T 9 P o "
— = =2 - ‘g 's = 8% T =2 =
o SJUIAY SJUdAY
. 8 . g m
.mm g ° E g =
g z
= - 2 [ |
B B Jododotuinies -
g - o st L=
= = " = o= = = T = = ] £
SJUIAT] SJUIAH VDAM. m -m”l
_ 2 2 \\- 3
- =
= - g
7 .
W C — O o v (-
N O © x W O
e N >0 QO O V __ o ._nlu.n
& - C o I o = 2 0 -
- - C . o O
Q. E © S
O ~— Vl I
O S £&x= TIsTD
S AT IR
S c O o g5 %o
C e o < . Q op
+— = ap & ~N S Q
(Vs L > = <c o I~ e I
n Q o]0) O + ~ O © U o
' - V- | E N =
L ~ O I = o © > © c == T
p s, N v O -
= O c > I > = > Q
Q w N pM O & L QO -
et e W 9 |m O O & m W X~
= C 00 2 v = o O -
Q © S < 5 C - o - X
+ L2 R0 2x w3 ECE £
op ‘= = A — @) -
° SE=358%%2°¢
 © W O 2 Z &5 ©
(Vp)
° ° ° ° ®




Isolated leptons and p™'s

e Later combination of all H1+ZEUS at the

(/2]
end of HERA in common phase space S e - HI+ZEUS (059 )
: : . . > 102 )
e Possible interpretation: anomalous single- w10 SM Signal

top production with anomalous FCNC u-t
coupling or R-parity violation squark
production

* Limits set on these couplings

LN
o
o
=)
—
o
o
o
o
[a 8
Ll
T
-

LANLAA
0 40 50 60 70 80 90 100

-1 K4 A A 4
107 10 20 3

PX [GeV]
e’ s °
%' ."T'.I
. 13 T
>+
) H1+ZEUS Data SM SM Other SM
- G
)\.'1 3 i ¢ 19942007 e*p  0.59 fb~! Expectation Signal Processes
+ Combined Total 53 498 + 62388 £ 59111 £ 15
e
: b Pr>25Gev (28 [140)= 19[1s + 19] 22 + 04
- “R
d 2.9 sigma H1 alone
IS VT 1.8 sigma combined
+313
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Multilepton 2e, 3e events events in H1

* Observation by H1 in events with 2e g10° YT BN L] -
or 3e events % 10 ﬁgﬂ 2e & g
* A clear excess observed at high 1 s .
. . . - .&'t- :
invariant mass of the two highest- 10° sl
transverse-energy electrons 10 2 e
° Mostly in pOSItron 10_‘]0 s o o oo-l L1 |5|0| L |1(:0| 1 |1|5l| |
* Not confirmed by ZEUS W G e (550
‘E 10 3e 10 £ =00 Loy 3e
& 5 I
1 T ?’ 100 = by
B L e
10 P o na
[ h — - -3 _. l. .I'iu‘v |‘|I|--| [
\ﬂﬂﬂ ;—J _ 0 — 0 0 s 100 150 % 50 100 150
= === il i G M G
Possible BSM interpretation:

doubly charged Higgs
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Multilepton events in H1+ZEUS

Multi-Leptons at HERA

® H1+ZEUS (0.56 fb™)
Esm
- SM Pair Prod.

 Combination of H1 and ZEUS data with complete
dataset
with both electrons and muons in common phase -

flo;Ceevents observed in positron-p collisions at high ////////////

sum of the py, compared to 1.94 expected

on
H HP Fo- ® H1+ZEUS (0.38 b =
* None observed in electron-p collisions £ f P o s o) =
. I.I>J 25 7 1 s Pair Prod. 8
e Butin general good agreement 0 ] S
. . . . 10 o
* At least in ZEUS it was crucial to have a precise 1 ' S
] [a
MC for the background (GRAPE) and an expert o /— =
on |t 10°""20 40 60 80 100 120 140 160 180
s P, [GeV]
-.g 10° ? eip ® H1+ZEUS (0.94 fo")
F E=sm
Multi-Leptons at HERA (0.94 b 1) g 10’;’ V T2 sM Pair Prod.
S Pp >100 GeV o -
Data sample ~ Date—=M Pair Production (GRAPE) NC DIS + QEDC 10 / 7
e*p (0.56 fb b 7 1.94 A7 1.524+0.14 0.42 +0.07 o
e p(0.38 b1 kﬁ“ﬂO{g.IQ 0.90 + 0.10 0.29 + 0.05 ! 7 -
All (0.94 b 1) 7 3.13+0.26 2424+ 0.21 0.71 +0.10 10" ///

10%5°"30" 20 60 80 100 120 140 160 180
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Lessons learned

* Be open to unconventional signatures, not related to a particular BSM
model

* Leptons identification crucial (also for tau leptons!)
* MC models for background very important
e Exchange between H1 and ZEUS and combined paper crucial

* Take any deviation seriously, new physics could be hidden in SM
precise measurements
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Summary

03:58:13 Momentum[GeV/c] Lifetime[h] Current ()
HERA e+

Last fill 30/6/2007 at =
23:30

Thank You HERA
WLoB.

HERA Sat Jun 38 23:59:55 26087
p:@.8lmAl B.8Lh] BLGeY] e+:08.8[mAl B.8Lh] B.8[GeY]
Current-p [mAl Current-e [mAly, Lifetime-e [hl
12a — T T (1)
Taule)
100 Protons : 4 s@
28 I_} 48
I [
6@ § = g 'l. T~ 38
U]l ik L
48 BT o I - - PP W =K ze
o - e T
2a — : 1 1@
i .
. 1 | |

a
8 & 4 6 8 18 12 14 16 18 28 22 8@ & 4 & 8 18 12 14 16 18 2@ 22

Thank You HERA R.I.P. Time [hl

« Picture taken at the party after the
last fill

* You have all a new project to start in
DIS
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